Abstract
INTRODUCTION
For almost organizations, the control and flow of materials from suppliers to end users is a key problem that can significantly influence cost and service levels. The activities associated with controlling this flow are referred to as supply chain management, which is perhaps the most challenging area in many business strategic issues (Christopher, 2013) . A basic supply chain model comprises five key nodes: suppliers, manufacturers, distributors, retailers, and customers. The supply chain management aims to supply the right quantity and quality product to the customer and location at the right time. Failing on any of these conditions creates an unsuccessful supply chain system. Careful inventory management enables firms to meet demand variability, to become more flexible in their production scheduling, to safeguard against variability in material delivery times, or to take advantage of economic lot sizing (Ramanathan & Ramanathan, 2014) . Supply chain managers rely on multi-echelon models to manage inventory over different facilities or locations. However, for perishable products, single-echelon models remain crucial and form the foundation for the more realistic multiechelon models.
Rudimentary inventory management models frequently assume that products have an infinite lifetime. However, there are many products with strictly finite lifetimes indicating their value decreases with time. Goyal and Giri (2001) classify such products as facing either 'obsolescence' (loss of value because of rapid changes in technology or introducing new products; e.g., high-tech products); or 'deterioration', where the loss of value is due to damage or other decrease in value over time and this includes 'perishable' products with an expiry date (e.g., milk). Other products (e.g., gasoline) are 'decaying' products as, while having no expiration date, their quality decreases during storage. Pahl and Voß (2014) observe the terms deterioration and perishability are used interchangeably, and henceforth we follow this practice.
Inventory policy decisions can impact cost pressures and service levels. Retailers often expand the selection of brands and increase the product variety; while this provides greater consumer choice, it increases the inventory costs and the risk of customers' dissatisfaction during shortage situations (Bijvank & Vis, 2012) . Conceptually, managing this trade-off is simple, yet models frequently make different assumptions about how to manage the shortage situations; e.g., allowing backorders.
Inventory management research usually uses a 'total cost' or 'total profit' metric as an objective function in inventory management models, allowing the impact of many business processes to be considered simultaneously. However, Franco-Santos, Lucianetti, and Bourne (2012) study the measurement of company performance and state that in practice, companies do not assess financial performance alone; thus, the sole use of financial performance indicators may not always be valuable. Similarly (but on a broader scale), Bulsara, Qureshi, and Patel (2014) review the literature on supply chain performance measurement and state that given the multidimensional nature of supply chains, performance metrics for supply chain management should similarly be multidimensional rather than optimizing a single (total) function. Therefore, we consider the use of alternate performance metrics in continuous review models for inventory management of perishable products.
This paper provides an alternative perspective on perishable inventory theory, which conforms to the multidimensional nature of supply chains and real businesses. In this research, single-echelon and continuous review models are studied. We first evaluate the characteristics of these models, evaluate the changes in parameters used, and summarize our conclusions. Second, we reflect on the challenges of single-metric evaluations. Third, we propose the application of multidimensional performance metrics as an alternate.
CHARACTERISTICS OF PERISHABLE INVENTORY PROBLEM
An inventory management model defines time and quantity for replenishment; perishable products commonly use one of the four replenishment policies; viz., continuous review, periodic review, economic order quantity (EOQ), or economic production quantity (EPQ). The continuous review model is popular because it requires less safety stock for the same customer service level, and it enables managerial interventions to support service levels (van Donselaar & Broekmeulen, 2014) . Development of automated identification technology (e.g., Radio Frequency Identification) supports continuous review in practice (Ketzenberg, Bloemhof, & Gaukler, 2015) and makes this a relevant model.
A range of characteristics such as demand distribution, stock issuing model, product lifetime, replenishment lead time, and shortage situations can be accommodated. Fundamental policies include:
 (s, S), when the inventory reaches the level s (a 'trigger' level), an order is placed to bring the inventory back to the predetermined level S (the 'target' level); the order size is quantity (S -s). This model provides significant flexibility.  (s, nQ) or (r, nQ), whenever the inventory reaches level s or r, an order quantity n times a predetermined Q (order quantity) is placed where n is a multiple equal to or greater than 1. This accommodates ordering in batches.  (S -1, S), in this model, whenever the inventory decreases by one unit because of the demand or loss of stock, an order is placed to bring the level to S. This model is preferred when lead times are zero and ordering cost is low.
Demand Distribution
Continuous review models should reflect the underlying demand pattern or demand distribution that the firm seeks to satisfy. The demand pattern is treated as either deterministic or stochastic. In deterministic problems, demand is known with certainty; e.g., demand is a fixed rate. The optimal ordering policies of EOQ and EPQ are used in deterministic demand models (Pahl & Voß, 2014) . The assumption of deterministic demand simplifies the problem but has limited application as it is uncommon to predict exact demand in real situations. When demand is uncertain or unknown (e.g., at the start of the day a greengrocer does not know how many apples will be purchased), stochastic models are used. Most research uses the Poisson distribution where the time interval between two demands forms a Poisson process, and requirement is a single unit per period, reflecting a limitation of Poisson demand. (Interested readers are referred Ross (2006) for detailed definitions and review of the Poisson process.) As an example, Alizadeh, Eskandari, and Sajadifar (2014) study a (S -1, S) inventory system with Poisson demand, positive lead time, and propose an enumeration algorithm to deal with the complexity of reaching an optimal inventory policy.
Real firms rarely face demand of a single unit per period, limiting the practical utility of such models and leading researchers to consider the use of compound Poisson demand distribution to overcome this limitation. Here, the interval time between two demands follows Poisson process and the demand size follows an exponential process; in each period, the demand can exceed a single unit, making compound Poisson demand distribution more realistic than other demand distributions. The compound Poisson distribution has many advantages due to the simplicity and appeal of using a standard statistical distribution (Babai, Jemai, & Dallery, 2011) . Molana, Davoudpour, and Minner (2012) consider an (r, nQ) model with compound Poisson demand, and the order-up-to-level is approximated by using upper and lower bounds.
Some researchers assume that unit demand follows a renewal process where the times between two successive demands are independent and identically distributed. Kalpakam and Sapna (1996) present the use of Markov renewal techniques to solve complex problems relating to perishable inventory with renewal demands, exponential lead time, and a constant deterioration rate. Liu and Lian (1999) construct a renewal demand process; Lian, Liu, and Zhao (2009) incorporate a Markovian renewal demand model where the inter-demand time is distributed. Lian et al. (2009) demonstrate an optimal ordering model is possible, although their results are achieved using approximation only.
Inventory management models for perishable products depend on demand characteristics. These observations reconfirm a key finding in Nahmias (2011): when demand is random, the optimal ordering problem is difficult to attain as the lifetime is more than one period, and so no replenishment model can eliminate or prevent the loss of inventory due to perishability. The mathematical model for this problem must contain the inventory position of each age group. Therefore, the focus is on finding near-optimal solutions or approximations, and many assumptions are still being extended now; e.g., demand, lead time and lifetime distribution, or multiple products (Pahl & Voß, 2014) .
Stock Issuing Policy
Products are stored until required or disposal (e.g., outdated stock); the stock issuing policy is crucial when considering products with a finite lifetime. The two most commonly used stock issuing policies are First-In-First-Out (FIFO) and Last-In-Fist-Out (LIFO). In FIFO, the product arrives in warehouse first will be delivered to customers first in the order of arrival; in LIFO, the product that has most arrived in the warehouse will be delivered to customers first. For simplicity, assuming that the product lifetime starts when the product arrives at the warehouse. Customers prefer LIFO to FIFO policies as it provides the freshest products. In the technical view, Parlar, Perry, and Stadje (2011) compare two policies and show that the FIFO dominates LIFO when considering the combination of all operational costs. However, when the holding cost is high, or the purchase cost is low, LIFO dominates FIFO. Most research uses the FIFO policy.
Lifetime
Many articles assume that a product can be kept indefinitely to meet the demand without losing its value. However, there are many products, which have a finite lifetime, lose value over time and will expire worthless at some point. The products, which are stored until a predetermined time and then are destroyed, have a fixed lifetime. Another category of products have an unknown time until they expire without value; these products have a stochastic lifetime. The decay rate of fresh vegetables depends on temperature and other climatic conditions relating to storage, providing a good example of a product with stochastic lifetime.
It is more common in practice for products to have a finite lifetime; however, modelling of a finite lifetime is more complex than for infinite lifetime and models must be expanded to more dimensions to accommodate this (Pahl & Voß, 2014) . Olsson and Tydesjö (2010) prove a problem with fixed lifetime is more complex than with stochastic lifetime as the Markovian property cannot be used to describe the stock on-hand. Kouki, Sahin, Jemaï, and Dallery (2013) study the effectiveness of (r, Q) inventory systems for perishable items with fixed lifetime and lead time. They note that the fixed lifetime perishable problem under either continuous or periodic review systems is complex when the lifetime exceeds two units. Despite this complexity, accommodating finite lifetime is important as Gürler and Özkaya (2008) demonstrate that accounting for stochastic lifetime reduces total operations cost. Therefore, to reduce the complexity of problem, most researchers assume that products have a stochastic lifetime and newly arrived products are fresh; there is a tendency towards heuristic approaches providing approximate results as this can help overcome the problems complexity.
Lead time
Incorporating lead time in continuous review models is challenging as products age when in stock and while on order and there are an outstanding number of orders during the lead time. The simplifying assumption of a zero lead time (i.e., immediate delivery on order) removes these challenges.
Positive lead time increases the relevance and complexity of the model; this is why it is infrequently considered (Kouki et al., 2013) . Early studies (e.g., Ravichandran (1995) ) of a single perishable item with Poisson demand, deterministic positive lead time, and lifetime under (s, S) continuous review system demonstrate that when such realistic assumptions (e.g., positive lead time and deterministic lifetime) are used the model becomes difficult to solve. Alizadeh et al. (2014) analyze an (S -1, S) perishable system with Poisson demands and nonzero lead time; they use simulation to study the impact of lead time. Perishable inventory systems with positive lead time are complex problems when stochastic elements are introduced; this has led to most researchers using an approximation of optimal results or simulation.
Shortage Situation
When demand cannot be immediately met, a model may use either 'lost sales' or 'backorders'. For instance, a consumer at a supermarket finds that bread is out of stock; if the customer waits until the store has bread again, it is a backorder situation. Alternatively, if the customer leaves the store, it is a lost sales situation.
Consumer behavior during shortage periods is important. When faced with a shortage situation, consumers may find, try or evaluate, and perhaps eventually prefer an alternative product. From manufacturers' perspective, this consumer may be lost forever, reducing the long-term value of the product line. Repeated shortages negatively impact retailers as they lose customers, and the manufacturer faces lost sales. Particularly, consumers are willing to substitute another perishable product if the preferred one is unavailable (van Donselaar & Broekmeulen, 2014) . Therefore, inventory management decisions should account for consumer behavior and substitutions that they may make.
A significant body of research uses backorder, lost sales or both. However, research analyzing consumer behavior proves that unfulfilled demand most commonly results in lost sales. Models with lost sales have received greater attention. The review by Bijvank and Vis (2011) demonstrates that little is known about optimal replenishment models accounting for lost sales under these circumstances. In the backorder model, the inventory position must account for the demand during the lead time; in the lost sales model, the inventory position does not. Therefore, models with lost sales are more difficult to analyze than those with backorders, making them more amenable to solve using approximation approaches.
A further complication is due to the difficulty in defining the cost of lost sales as it includes intangible costs; e.g., goodwill. To substitute for the lost sales cost, researchers tend to use the customer service level; similar to the proportion of met demand in the "fill rate" or the "ready rate", it is the proportion of time when stock on-hand is positive (Larsen & Thorstenson, 2014) . The customer service level can be considered as either the mean service level constraint model (controlling the average service), or the minimal service level constraint model (controlling the minimum service level over the planning horizon) (Chen & Krass, 2001) . The customer service level also can be defined in two ways. The first option is to use the probability of no shortage during replenishment cycle. The second option, useful from both an analytic and practical/management perspective, is defined as the proportion of replenishment cycles which end with all customer demand satisfied (Estellés-Miguel, Cardós, Albarracín, & Palmer, 2014) .
Further investigation of alternate customer behaviors (e.g., substituting products or frequenting substitute stores) during shortage situations has been called for by Bijvank and Vis (2011) . Such substitution has a significant influence on optimal replenishment models and requires more attention. Estellés-Miguel et al. (2014) suggest that improving approximation methods is important as exact methods for solving these models require computationally intensive techniques. Thus, approximation methods are more commonly used.
CONTINUOUS REVIEW REPLENISHMENT IN A SINGLE-ECHELON
This research builds on the reviews of perishable inventory management from Goyal and Giri (2001) Table 1 ).
To our knowledge, perishable inventory management under continuous review for a singleechelon model has been extensively researched and addressed since 1980; where mentioned in the earlier research, the problem is only discussed and not modeled. Therefore, we summarize research from 1980. This stream of research showed a peak in interest and publication of seven papers from 1995 to 1999 (Table 2) . Over this period, more constraints were relaxed as the theories were more fully developed. To make the models more tractable, a zero lead time has usually been assumed. Two early articles [viz., Weiss (1980) and Kalpakam and Arivarignan (1988) ] assumed lead time as zero when continuous review was initially investigated. Thereafter, the lead time was usually assumed as zero when research examined a new distribution of demand; e.g., batch renewal or compound Poisson distribution (Table 3) . When lead time is zero, the inventory position is added immediately whenever an order is placed, and there is no outstanding order during the review period. Later on, this assumption of zero lead time is relaxed to make the problem more realistic. A constant lead time makes the problem more complicated, and this set of conditions has been more thoroughly examined only since 2008 (Table 4) . Although in the lost sales case it is more difficult to find the optimal result than with backorder, the ratio of papers with lost sales and backorder is almost equal (i.e., 42% and 58%). The models that assume full backorder are less realistic than models that assume lost sales or partial backorder. Moreover, the researchers intend to find the approximation results instead of optimal results. Later on, introducing service levels gives another approach to accommodating lost sales. Using service levels for a lost sales problem requires a limited number of outstanding orders. This approach is suggested in the study of van Donselaar and Broekmeulen (2014) and guides further research, e.g., multi-echelon modeling.
The (s, S) replenishment model is most common, used in 14 papers. The vector of inventory ages is a Markov chain, and it is relatively simple to construct an approximation for this model. The model (s, nQ), which is used for a fixed replenishment quantity, is used in six papers. The remaining six papers use the (S -1, S) model, which is suitable when products are delivered in a package (e.g., liquids) or a container.
Most assume a Poisson demand distribution (11 papers). There are seven papers using renewal demand, four using general, and one each using Erlang, Phase type, Exponential, and Compound Poisson. Recently, with the increased accessibility and development of approximation methods, researchers used a wider variety of demand distributions when the This is a copy of the 'post-print' (i.e., final authors' copy, after referee comments have been addressed): Duong, L.N.K., Wood, L.C., and Wang, W.Y.C. (in press). A review and reflection on inventory management of perishable products in a single-echelon model, International Journal of Operational Research. demand size is more than one unit size per order time, providing a more realistic model; e.g., Erlang distribution.
REFLECTION ON CRITERIA USED IN SINGLE-ECHELON MODEL
Inventory modeling involves first formulating an objective function (e.g., minimizing total cost or maximizing total profit function) for a proposed replenishment model. The decision variables in that model (e.g., reorder level) are generated when the researchers find or approximate the optimal values for the objective function, including some or all cost factors in inventory problem (e.g., holding cost). Using a total function helps the researchers quantify various elements into a single-dimensional problem, which is more easily to solve.
However, Akyuz and Erkan (2010) state that supply chains are by nature multidimensional; consequently, rather than optimizing a total function, a range of performance metrics should be used. This section accounts for this concern; we reiterate the four key concerns on optimizing a single objective function and outline why this is not necessarily a good approach. Then, we present performance metrics as an alternate to the traditional approach of optimizing the objective function.
First, the traditional approach uses the total function to generate the results. These functions are formulated based on a series of (most importantly) inventory-related costs; e.g., holding cost, ordering cost. Nevertheless, in reality, it is difficult to establish holding costs for a given period or processing costs per order. For instance, in backorder situation, it is may be possible to calculate the cost of additional transportation or the overtime labor cost used to rectify the problem; however, it is much more difficult to quantify the cost of the customers' dissatisfaction because of the late delivery or the impact on employee moral from being required to work overtime.
Second, the results are often found through the approximation approach. According to Ozer and Xiong (2008) , an approximation approach should be used if it meets five criteria:
 provides a nearly optimal result (i.e., the result from approximation is not substantially different to the optimal result);  easy to compute (i.e., the approximation result can be generated from simple calculations);  simple to explain and use (i.e., the formula is simple to understand and the user can describe it to other users);  strong (i.e., uses accurate data that are easily acquired); and,  used to test a system (i.e., when input variables change, the system can be tested with new input).
Concentrating on the only first criterion of nearly optimal results overlooks the other criteria. Therefore, to improve our results we should understand how the approximation approach runs under these five criteria.
Third, inventory management is a part of wider company operations. Thus inventory management improvements should improve overall operations. A Planning Department may handle ordering and monitoring inventory while the Merchandising Department may handle delivering products to customers. By optimizing the total function, including the cost of customer service, the Planners define when to order and how many of each product should be held in the warehouse. This decision accounts for customer service costs. However, optimizing the total function does not provide information on how well the Merchandising Department should be serving their customers. A misunderstanding from the Merchandising Department (e.g., sending the wrong quantity) will create additional costs to satisfy customers, and the total operational costs will be increased. Hence, using total function is more suitable when focusing on a single department only as it may not accommodate different departments with different objectives or metrics.
Fourth, using an objective function relies on the availability of information. However, information on demand, deterioration rates, and lead times are not always predetermined or well-known and may even change over time. As an example of the impact, unavailability of demand information can create the bullwhip effect (BWE) and higher inventory level (Lee, Padmanabhan, & Whang, 1997) .
The above reasons suggest that using a single function is not a good approach, and an alternative approach should be adopted. Perishable inventory management is similar to BWE research for two reasons. First, the information required in the supply chain (e.g., demand), is vulnerable to influence from external factors (e.g., disasters), and create demand fluctuations and BWE. Second, inventory policy is important for perishable inventory and is one of the three research streams on BWE (Nepal, Murat, & Chinnam, 2012) . Therefore, we contend that improved performance measurement can be developed by reviewing the literature on the BWE and applying this to perishable inventory models.
In review papers on BWE, the use of a single financial measurement is criticized as it only supports cost minimization rather than continuous improvement of the organization as a whole (Ahola & Lehtinen, 2010) . Towill, Zhou, and Disney (2007) insist on a multidimensional analysis of the BWE. Even if only considering a single firm, Akyuz and Erkan (2010) state that a performance metric should be exact, non-financial, actionable, simple, and in forms of ratios that allow for testing, reviewing, revising, and involving organizational learning; even within a single-echelon many managers within the echelon have different metrics against which their work is judged. Therefore, establishing performance metrics to support overall firm performance is a challenging task that requires the partnership and collaboration. Cannella, Barbosa-Póvoa, Framinan, and Relvas (2013) design a performance measurement for both single-echelon and complete supply chain systems by dividing assessment criteria into either "Internal process efficiency" or "Customer satisfaction" metrics. They then suggest five performance measures for a single-echelon supply chain management system; viz., Order Rate, Fill Rate, Average Inventory, Inventory Variance, and the Work in Progress (WIP) Variance ratio.
Our research considers the inventory management from a corporate or a company-wide perspective. As forecasts for inventory management reflect the BWE, we apply a wider set of performance metrics as suggested by Cannella et al. (2013) . However, we focus on two of five measures suggested by Cannella et al. (2013) ; namely, Fill Rate (which is relevant to Customer service level) and Average Inventory (which is relevant to Total inventory cost) criteria. These represent both internal process efficiency and customer satisfaction criterion and will be readily understood by many supply chain managers and staffs. The Average Inventory is the mean of inventory level during an inspection time (e.g., week or month). It is frequently used in production and distribution systems to assess inventory investment and is treated as representative of internal process efficiency. The Fill Rate is a percentage of orders delivered on time and is representative of other customer satisfaction criteria.
We propose the simultaneous use of both Average Inventory and Fill Rate measurement as an alternative approach (which we term the metrics approach hereafter). As mentioned above, the approximation approach should meet five criteria before used; therefore, the alternative approach proposed here can be used when the approximation approach does not satisfy five criteria outlined in Ozer and Xiong (2008) . Also, the metrics approach can be used for models highly impacted by the BWE and is, therefore, a robust measure. The results received from the metrics approach can be compared with the results from the existing research using a total function to understand the differences between the two approaches. We propose a four-step method to accomplish this.
Step 1: An existing paper is chosen for comparison. In this section, the paper "Comparison between continuous review inventory control systems for perishables with deterministic lifetime and lead time" from Kouki et al. (2013) was chosen. This recent research uses a general demand probability distribution which can be extended; the deterministic lead time and lifetime usually make the problem more complicated; and the replenishment model (r, Q) is similar to the more commonly applied (s, S) model. Furthermore, the results from Kouki et al. (2013) were extracted from software to find optimal values, and these are proven to be better than past results.
Step 2: The characteristics and formulations to calculate expected results are presented. As stated in the model in Kouki et al. (2013) , the problem has these characteristics:
 A single product with fixed lifetime m times unit. The lead time L is fixed.  The problem is considered under the (r, Q) continuous review model, whenever the inventory level reaches the order level r, an order size Q > 0 is placed.  The product arrives fresh. The product is delivered according to FIFO model, and excess demand is fully backorder.  The demand per unit time, Z, is a nonnegative random variable with mean D, probability distribution function f(z) and the cumulative distribution function F(z).
According to Kouki et al. (2013) 
Step 3: Instead of using total function, the metrics approach is defined to find the reorder level and quantity order size regarding these criteria:
The fill rate (FR); the higher the fill rate is, the better solution is:
The average inventory (AI); the lower the average inventory level, the better solution is
Step 4: The lower bound for FR and the upper bound for AI are defined. For the perishable inventory management, simulation supports the representation of practical problems and provides more opportunities to deal with the inherent complexity being modeled. The simulation model allows the researchers to more easily test the system performance and the impacts and the correlations of factors in the system (Bakker et al., 2012) . Considering the advantages of simulation and the problems complexity, simulation as a modeling method is suggested. A simulation model helps to understand the behavior of the inventory management model. Then, a heuristic is used to find reorder point r and quantity order size Q. The results are compared with the results from Kouki et al. (2013) .
